Summary. An indirect two-site immunoradiometric assay is described for the measurement of human proinsulin in plasma. Polyethylene tubes coated with purified guinea-pig antibodies to insulin were used to extract proinsulin and insulin from plasma. Rabbit antibody to human C peptide was then added to react with the C-peptide moiety of the bound proinsulin. The uptake of this antibody was measured by the subsequent binding of 125I-sheep antibody to rabbit IgG. The binding of radioactivity to the tubes was a function of the proinsulin concentration in the sample. The sensitivity of the assay was 0.006 pmol/ml. Only 200 ~tl of plasma was required in the assay and the laSI-labelled antibody was produced from readily available reagents. The polyethylene tubes remained stable for at least 5 months after coating. The mean fasting proinsulin level was 0.009 pmol/ml in sixteen normal subjects and 0.025 pmol/ml in twelve maturity onset diabetics. Oral glucose produced an 8 fold increase in proinsulin concentration but a decline in the plasma proinsulin/insulin molar ratio. Four patients with insulinoma had extremely elevated proinsulin levels and proinsulin/insulin ratios.
Since the discovery of proinsulin [1] many attempts have been made to measure this prohormone in plasma as a means of assessing/3 cell function. Direct radioimmunoassay is not possible since antibodies 2 Present address: Department of Medicine, The University of Sydney, Sydney, N.S.W., Australia 2006 raised against proinsulin cross-react with insulin and C-peptide [2] . Gel filtration [3] and an insulin degrading enzyme [4] have been used to remove these interfering substances before assay, but these methods are either laborious or non-specific [2, 5] . A technique has been described recently in which insulin and proinsulin are extracted from plasma by means of an insulin antibody immunoadsorbent. The proinsulin is then measured by radioimmunoassay of the C-peptide moiety of the extracted proinsulin [6] .
We previously described an immunoassay which used antibodies to extract antigen onto a solid phase [7] . This was followed by measurement of the bound antigen by reaction with a second labelled antibody. This was termed a two-site assay to emphasize its property of recognizing simultaneously two separate antigenic sites on a single molecule. This procedure was subsequently made more economical in the use of reagents by the use of labelled species specific antibody to IgG to detect the uptake of the second antibody and hence to measure indirectly the amount of bound antigen [8] . We report here an adaptation of this method for the development of a sensitive indirect two-site immunoradiometric assay for the measurement of human proinsulin in plasma. Proinsulin is recognised as a molecule possessing both insulin and C-peptide antigenic sites. The binding of the C-peptide segment of proinsulin with a rabbit antibody to C-peptide is measured by the subsequent binding of 125I-sheep antibody to rabbit IgG. Laboratories, Indianapolis, Indiana. A partially purified laboratory proinsulin standard was prepared from an acid ethanol extract of human pancreas by the method of Davoren [9] . The extract was chromatographed on a Sephadex G 50 column (85 • 1.5 cm) and eluted with acetic acid (1 mol/1). Fractions from the column were assayed for insulin, C-peptide and proinsulin immunoreactivity after dialysis against phosphate-buffered saline (PBS) containing NaHePog/Na2HPO 4 0.05mol/1, NaC1 0.15mol/1, p7.4. Three peaks of insulin immunoreactivity were recognised. The second peak eluted at the position of porcine proinsulin and also contained C-peptide and proinsulin immnnoreactivity. Fractions from this peak were pooled and calibrated against the purified human proinsulin standard. Aliquots were stored at -20 ~ in PBS with added human serum albumin (10 g/l). This preparation diluted in parallel with the pure proinsulin in the indirect two-site immunoradiometric assay.
Materials and Methods

Proinsulin
Preparation of lmmunoadsorbents
Immunoadsorbents were prepared by reacting proteins in borate buffer (boric acid 0.2 mol/1, potassium chloride 0.2 mol/1, pH 8.2) with a diazonium salt of powdered celluluse (CC 41 from Whatman Biochemicals Ltd., Springfield Mill, Maidstone, Kent, U.K.) using a procedure described previously [10] . Equal weights of rabbit IgG (Koch-Light Laboratories Ltd., Colnbrook, Bucks, U.K.) and diazocelhilose were reacted at 4 ~ for 48 hours. Insulin antibody immunoadsorbent was prepared by an identical procedure using an IgG fraction of guinea-pig anti-insulin serum prepared by sodium sulphate precipitation [11] . Insulin immunoadsorbent was prepared by reacting 10 mg bovine insulin (Sigma Chemical Co. Ltd., London, U.K.) with 50mg diazocellulose. The protein uptake, assessed by the method of Lowry [12] , ranged from 120-350 gg/mg cellulose. The immunoadsorbents were stored at 4 ~ C at a concentration of i mg cellulose/ml in a buffer containing sodium barbitone 0.05 real/l, sodium chloride 0.17 real/l, human serum albumin 1 g/l, sodium azide 200 rag/1 and non-immune guinea-pig IgG 20 mg/1, pH 8.0 (NIGP Buffer). Before use a suitable quantity of the immunoadsorbent was washed three times with 2 ml of NIGP buffer and centrifuged at 300 g for 2 rain after each wash.
Antisera
Rabbit antiserum (K5) and guinea-pig antiserum (Ml187) to human C-peptide were gifts from Dr. L. G. Heding of the Nova Research Institute, Copenhagen. Antisera to insulin were raised in guinea-pigs by multiple site intradermal injections of bovine insulin in Freund's adjuvant at one monthly intervals. Animals were bled 10 days following booster injections. Antisera to rabbit IgG were raised in a sheep by an identical procedure.
Preparation of 125I-Sheep Antibody to Rabbit IgG
Sheep antisera to rabbit IgG (400 ~1) were incubated with rabbit IgG immunoadsorbent (50 gg cellulose base) for 24 hours at 4 ~ C. The immunoadsorbent was then washed four times in phosphate buffer (NaI-I2POJNa2HPO 4 0.5 mol/1, pH 7.4) and suspended in 10 ~tl of the same buffer. Iodination was carried out by the addition of 1 mCi Nal:SI (Radiochemical Centre, Amersham, Bucks., U.K.) followed by 25 ag chloramine-T in 10 gl phosphate buffer. The reaction was stopped after 15 seconds by addition Of 60 [xg sodium metabisulphate in 10 ~ phosphate buffer. The mixture was transferred to a filter funnel lined with a single layer of No. 41 filter paper (Whatman Biochemicals Ltd., Springfield Mill, Maidstone, Kent, U.K.) and washed with 200 ml of NIGP buffer. Low affinity antibodies were removed by washing with 100ml of 0.001 mol/lt-IC1 (pH 3). High affinity antibodies were eluted with 4ml of 0.01 mol/1HC1 (pH2) into an equal volume of double strength NIGP buffer. Approximately 20% of the eluted radioactivity resided in the pH 2 fraction. Rabbit IgG immunoadsorbent (1 mg) was added to the pH 2 fraction and the mixture stored at 4 ~ C. When required the 125I-sheep antibody to rabbit IgG was eluted from an aliquot of the hnmunoadorbent by washing sequentially with 25 ml NIGP buffer, 10 ml 0.001 mol/1HC1 (pH 3) and 2 ml 0.01 mol/lttC1 (pH 2). The pH 2 wash, containing approximately 50% of the radioactivity, was collected into an equal volume of double strength NIGP buffer and used in the two-site immunoradiometric assay.
Preparation of Antibody-Coated Tubes
Purified insulin antibodies were prepared by reacting 10 ml of guinea-pig anti-insulin serum (binding capacity 1-2 u/ml insulin) with insulin immunoadsorbent (20 mg cellulose base) for 24 hours at 4 ~ C on a rotating turntable. After centrifugatiou, the pellet was transferred to a funnel lined with filter paper and washed with 100ml NIGP buffer, 50ml 0.001mol/1HC1 (pH3) and 5mi 0.01 mol/1HCl (pH 2). The pH 2 eluate was collected into 0.3 ml sodium carbonate (0.1 tool/l) in a glass container and diluted to a volume of 50ml with sodium hydrogen carbonate buffer (0.05 tool/l, pH adjusted to 9.6) [13] . Polyethylene tubes (No. 700 from Sarstedt Laboratory, West Germany) were coated by the addition of 200 pJ of this purified insulin antibody solution. After 24 hours at room temperature, the antibody solution was aspirated, unadsorbed protein was removed by washing three times with a solution containing sodium chloride 0.15 tool/l, bovine serum albumin 5 g/l, merthiolate 0.1 g/1. After the initial coating the purified antibody solution was concentrated to 50% of its original volume by dialysis against a 15% (w/v) solution of Carbowax (Hopkin & Williams, Chadwell Heath, Essex, U.K.). This could then be reused for coating a second batch of tubes. Different batches of tubes were always stored separately at -20 ~ C and used in different assays.
The insulin binding capacity of the tubes was studied at different insulin concentrations (0.06-30 pmol/ml) and results evaluated by Scatchard Analysis [14] . Tubes tested up to 5 months after coating showed no deterioration in binding capacity.
Assay Procedure for Proinsulin
The principle of the assay procedure is illustrated in Fig. 1 . Tubes coated with purified insulin antibody were used to extract proinsulin and insulin from plasma. After washing to remove other plasma proteins including C-peptide, the solid phase complex was reacted with rabbit antibodies to human C-peptide and washed again. The uptake of the rabbit antibodies on to the proinsulin was measured by reaction with a25I-sheep antibodies to rabbit IgG. The uptake of label was a function of the concentration of proinsulin in the plasma.
Proinsulin standards were made up in plasma prepared by extracting normal human fasting plasma (1 ml) with insulin antibody immunoadsorbent (3 rag) for 24 hours at 4 ~ C on a rotating turntable. Human proinsulin (0.2 pmol) added to plasma (1 ml) was completely removed by immunoadsorbent treatment in this manner. The effectiveness of extraction was also demonstrated by the removal of 12sI-insulin and insulin as measured by radioimmunoassay. Standards or samples in 200 ,ul were added in triplicate to antibody-coated tubes. After incubation at 4 ~ C for 24 hours unreacted protein was removed by washing twice with 400 91 of NIGP buffer. Rabbit antibody to human C-peptide diluted in PBS was then added. Following a further 24 hours incubation at 4 ~ C and two washes with 400 91 NIGP buffer, 200 91 125I-sheep antibody to rabbit IgG was added in PBS. After 24 hours at 4 ~ C the tubes were washed twice with NIGP buffer and counted in a Wallac Decem automatic gamma counter.
Insulin, C-Peptide and Glucose Measurement
Insulin and C-peptide were measured by conventional radioimmunoassay [15, 16] . Glucose was measured by a standard autoanalyser technique using glucose oxidase. duration of diabetes 4 years) and 4 patients (2 male, 2 female) with surgically proven insulinoma. Additional specimens were obtained from 8 of these normal subjects (7 males, 1 female) before and during a 50 g oral glucose tolerance test at times -10, 0, + 10, 30, 50, 70, 110, 120 minutes. Specimens were collected into heparinised tubes and plasma was separated by centrifugation and stored at -20~ until studied.
Plasma Samples
Fasting plasma samples were obtained from 16 normal subjects (15 males, i female, mean age 30 _+ 3 years, 102 +_ 3% ideal body weight), 12 patients with maturity onset diabetes (9 males, 3 females, mean age 63 +_ 3 years, 117 +_ 3% ideal body weight, 6 treated with diet alone, 6 with diet and a sulphonylurea, mean
Results
The mean dose response curve of 10 human proinsulin assays using 5 batches of t25I-sheep antibody to rabbit IgG is shown in Fig. 2 . The detection limit of the assay, defined as the minimal proinsulin concentration which produced a radioactivity uptake on to the tubes, more than 2 standard deviations from the non-specific binding was 0.006 pmol/ml. The interassay coefficient of variation was 7%.
Increasing the concentration of rabbit antibody to human C-peptide from 1/1000 to 1/250 produced an increase in non-specific binding with no appreciable change in sensitivity. However, when the antiserum was used in a dilution of 1/2000 there was a loss of steepness of the standard curve at proinsulin concentrations greater than 0.2 pmol/ml. A dilution of 1/1000 was used routinely in all assays. The effect of varying the amount of 12SI-sheep antibody to rabbit IgG was tested over a 30 fold range from 500 c.p.m. to 150000 c.p.m. With increasing amounts of label there was a progressive decline in the percentage of radioactivity bound non-specifically. There was no significant change in sensitivity. In practice a total radioactivity of 10000-20000c.p.m. per tube was found to be convenient. Under the experimental conditions described the non-specific binding was between 6-9%.
Recovery of Proinsulin
Insulin and proinsulin binding capacity of the coated tubes varied directly with the concentrations of purified insulin antibodies applied for coating. Tubes with insulin binding capacity of 0.66, 1.33 and 2 pmol/tube yielded essentially superimposable standard curves. However, the recoveries of added proinsulin concentrations (tested at 0.1 pmol/ml) were dramatically different. The results shown in Table 1 are typical and reproducible. For the measurement of human proinsulin in plasma, coated-tubes with an insulin binding capacity of 1.33 pmol/tube were used. Specimens with insulin immunoreactivity greater than 200 ~uU/ml were diluted to less than this level before assay.
Specificity
Serial dilutions of plasma from a patient with an insulinoma showed a response parallel to the proinsulin standard curve (data not shown). Human Cpeptide (5 pmol/ml), bovine insulin (0.75 pmol/ml), porcine proinsulin (1.37 pmol/ml) and bovine proinsulin (1.37pmol/ml) were not detectable in this assay.
Immunoreactivity of Human Proinsulin in the Insulin Assay
The immunoreactivity of proinsulin in the insulin radioimmunoassay is shown in Fig. 3 . On a molar basis proinsulin was 50.7 _+ 1.3% as reactive as insulin in concentrations of up to 0.6 pmol/ml. The insulin content of each sample was derived by subtracting 50% of the measured proinsulin value from the insulin immunoreactivity. The proinsulin/insulin molar ratio of each sample was calculated accordingly.
Proinsulin Concentrations in Human Plasma
Fasting concentrations of proinsulin, insulin and glucose in normal subjects and patients with maturity onset diabetes are shown in Table 2 . The insulin concentrations were significantly higher in the maturity onset diabetic subjects than in the normal controls (P < 0.05). The mean proinsulin concentration and proinsulin/insulin ratio were also elevated in these diabetic patients. However, due to the wide scatter of individual results this did not reach significance at the 5% level. No correlation was found between body weight and proinsulin concentration.
The proinsulin, insulin, C-peptide and glucose responses of normal individuals during oral glucose tolerance tests are shown in Fig. 4 . There was a 10 fold increase in insulin concentrations whilst the proinsulin levels rose 8 fold. In comparison with insulin and C-peptide the changes in proinsulin concentration followed a slower time course. The mean proinsulin/insulin ratio fell from 0.40 initially to a minimum or 0.20 at thirty minutes. The ratio the increased progressively to 1.0 at 90 minutes and declined almost to the basal level at 120 minutes.
Results from four patients with insulinomata are shown in Table 3 . In all patients the proinsulin concentrations were greatly elevated, showing no overlap with the normal controls. The mean proinsulin concentration was 5 fold higher than that from normal individuals. The proinsulin/insulin ratio accentuated this difference; being 18 fold higher in the insulinoma patients.
Discussion
The two-site indirect immunoradiometric assay described in this study measures proinsulin by recognising it as a molecule with both an insulin and a Cpeptide immunogenic site. This confers a high degree of specificity, thus making a preliminary elimination of insulin and C-peptide unnecessary. This specificity is demonstrated by the observation that human Cpeptide, bovine insulin, bovine proinsulin and por- cine proinsulin, in high concentrations did not react in this system. The principle of using two antibodies in the measurement of a substance has been employed previously [7] . Intact parathyroid hormone [17] can be measured, in the presence of circulating fragments, using two antibodies directed against different terminals of the molecule. A two-site radioimmunoassay for proinsulin has been described by Heding [6] . The sensitivity of the two-site radioimmunoassay and the two-site immunoradiometric assay described here are similar and results obtained with these procedures in good agreement. In the immunoradiometric assay a smaller volume of sample was employed. The preparation of iodinated tyrosylated C-peptide is not necessary. These advantages enable the immunoradiometric technique to be more readily adaptable for the measurement of proinsulin of other animal species by using different rabbit antibody to C-peptide [18] . The polyethylene tubes used in this method are easy to handle in large numbers and remain stable over a prolonged period after coating. The adsorption of purified insulin antibodies on to these tubes and the insulin binding capacity of each batch of tubes may be adjusted by simply altering the concentrations of purified insulin antibody used. As plasma insulin and proinsulin, present approximately in a molar ratio of 5 : 1 [2, 19] , compete for the guinea-pig insulin antibodies on the coated tubes it is essential that the tubes should have an insulin binding capacity significantly in excess of the total insulin and proinsulin in the sample. The fulfilment of this requirement was demonstrated by two means. Firstly, the insulin binding of the tubes was studied at different insulin concentrations and the results evaluated by Scatchard Analysis. Secondly, a known amount of proinsulin was measured at different insulin concentrations to ensure adequate recovery. In practice, it was found that an insulin binding capacity 5 fold in excess of the insulin in the sample was satisfactory.
This proinsulin assay measures molecules with Cpeptide and insulin immunoreactivity, it is thus pos-sible that it may not distinguish proinsulin from proinsulin-insulin intermediates. Until these intermediates are available in pure form, it is not possible to assess their reactivity in this assay. To measure proinsulin in the presence of insulin or proinsulin antibodies it would be first necessary to carry out a separation procedure. The findings of the proinsulin/ insulin ratio in the fasting state in normal individuals are in general agreement with those of the enzyme method [4] and the specific radioimmunoassay [6] . These assays tend to give a slightly higher fasting ratio than the column method [19, 20] . Both the specific radioimmunoassay [6] and this immunoradiometric assay have the advantage of measuring proinsulin plasma containing less than 30~m/ml (0.2 pmol/ml) of immunoreactive insulin. No clear relationships emerged between body weight and proinsulin concentration but our samples were too small in number for definite conclusions. The elevated proinsulin levels in patients with an insulinoma confirm the usefulness of proinsulin measurement in the differential diagnosis of hypoglycaemia [21, 22, 23].
